Prompt recovery after intense activity is an essential feature of most mammalian synapses. Here we show that synapses with reduced expression of the presynaptic gene munc18-1 suffer from increased depression during intense stimulation at glutamatergic, GABAergic, and neuromuscular synapses. Conversely, munc18-1 overexpression makes these synapses recover faster. Concomitant changes in the readily releasable vesicle pool and its refill kinetics were found. The number of vesicles docked at the active zone and the total number of vesicles per terminal correlated with both munc18-1 expression levels and the size of the releasable vesicle pool. These data show that varying expression of a single gene controls synaptic recovery by modulating the number of docked, release-ready vesicles and thereby replenishment of the secretion capacity.
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autapse ͉ docking ͉ exocytosis ͉ secretion ͉ synaptic transmission R eliable and sustainable neurotransmitter release is essential for effective neuronal communication. However, neurons only have a limited number of fusion-ready vesicles that reside in a vesicle pool at the membrane of the presynaptic terminal (1) . During periods of increased activity, this vesicle pool is depleted, resulting in a decreased reliability of neurotransmission. To ensure efficient neurotransmission, neurons need to be able to increase the initial number of fusion-ready vesicles [the so-called readily releasable pool (RRP)] and͞or the rate at which this pool is replenished during activity. However, surprisingly little is known about the molecular mechanisms that control the size of the RRP and the way vesicles are recruited to this pool.
The Sec1͞Munc18-like (SM) protein Munc18-1 has emerged as a key component for calcium-dependent neurotransmitter release (2) . SM proteins function in all intracellular membrane trafficking pathways across species. Genetic deletion of Munc18-1 and most other SM genes involved in synaptic-vesicle release across species results in a complete block of neurotransmitter release (3) (4) (5) , which shows that Munc18-1 and probably all SM proteins are indispensable factors that promote vesicle secretion (2, 6, 7) . However, identifying where SM proteins act in the cascade of events leading to the release of neurotransmitter has proven to be difficult and has generated apparently conflicting data (8) (9) (10) .
Here, we analyzed the effect of different Munc18-1 expression levels on synaptic function in autaptic synapses of GABAergic and glutamatergic central neurons, as well as in the peripheral neuromuscular junction (NMJ). We combined electrophysiological and optical measurements to show that Munc18-1 controls synapse efficacy in a bidirectional way via the control of the size and replenishment rate of the RRP.
Results
In homozygous munc18-1-null mutant mice, synapses are silent (3), identifying munc18-1 as an essential gene but providing little information on its molecular function. Heterozygous mice (munc18-1 ϩ/Ϫ ) had a 50% reduction of Munc18-1 protein expression but no reduction in the levels of any of its known binding partners or 22 other synaptic proteins (Table 1 , which is published as supporting information on the PNAS web site) (11) . Autaptic cultures from these mice had similar dendrite length and number of synapses as cultures from WT littermates (Fig. 5 , which is published as supporting information on the PNAS web site).
Munc18-1 Heterozygous Autapses Contain a Smaller Pool of Readily
Releasable Vesicles. Whole-cell recordings of autaptic glutamatergic or GABAergic munc18 ϩ/Ϫ and WT littermate neurons showed similar excitatory and inhibitory postsynaptic currents (EPSCs and IPSCs) upon single depolarizations (Figs. 5B and 6C, which are published as supporting information on the PNAS web site). The characteristics of spontaneous miniature (m) excitatory and inhibitory postsynaptic events (amplitude, frequency, and decay time) also did not differ between munc18 ϩ/Ϫ and WT neurons (Figs. 5 C and D and 6 A and B). Thus, a reduction of Munc18-1 protein level does not affect synaptic physiology under basal conditions nor does it appear to influence postsynaptic receptor number or sensitivity.
However, repeated stimulation produced a more pronounced rundown of evoked responses (synaptic depression) in munc18 ϩ/Ϫ neurons compared with WT neurons. This increased synaptic depression was observed both in glutamatergic and in GABAergic synapses and was most pronounced at 10-Hz stimulation ( Fig. 1A and Fig. 6D ). The rundown kinetics of glutamatergic synapses at 10 Hz were best characterized by biexponential curve fits (12) , which revealed an increased rundown especially of the slow phase ( slow ) in munc18-1 ϩ/Ϫ neurons. At 40-Hz stimulation, 80% depression was reached within 1 s in all groups, and a significant increase in depression in munc18 ϩ/Ϫ neurons was observed in GABAergic ( Fig. 6E) but not in glutamatergic neurons (Fig. 7 , which is published as supporting information on the PNAS web site). Differences in synaptic release probability, RRP size, and replenishment rate all may contribute to the observed increase in synaptic depression. To test RRP size, we applied hypertonic sucrose solution to empty the RRP via a Ca 2ϩ -independent mechanism (13, 14) . The sucrose response in munc18-1 ϩ/Ϫ neurons was significantly smaller (0.67 Ϯ 0.1 nC, n ϭ 30) compared with WT neurons (1.06 Ϯ 0.1 nC, n ϭ 30, P Ͻ 0.01; Fig. 1B ). To test whether a reduction of Munc18-1 also affected the RRP refilling, we used two approaches. First, we depleted the RRP with 40-Hz stimulation and measured the recovery by using 0.5-Hz stimulations (15) . The 40-Hz stimulation resulted in similar depletion of the RRP in both genotypes (see also Fig. 7) , and recovery from RRP depletion was not significantly slower in munc18-1 ϩ/Ϫ neurons (Fig. 1C) . Second, we applied paired pulses of hypertonic sucrose with different time intervals between pulses (16). Again, no difference in RRP recovery was observed between WT and munc18-1 ϩ/Ϫ neurons (Fig. 1D) .
Thus, Munc18-1 levels are rate-limiting during high-frequency neurotransmission. A 50% reduction in protein levels results in a reduction of the RRP size without affecting the rate by which this (smaller) pool is replenished.
Munc18-1 Heterozygous Mice Have Impaired Neuromuscular Synaptic
Function. Studies on SM proteins in Drosophila and Caenorhabditis elegans have been conducted on neuromuscular synapses (5, 17) . To be able to directly compare our results, we performed electrophysiological recordings on diaphragm NMJs of munc18 ϩ/Ϫ mice and WT littermates. To test whether munc18 ϩ/Ϫ NMJs, like the autaptic cultures, were impaired in sustaining vesicle release during periods of high activity, we applied a high-rate (40-Hz) nerve-stimulation protocol. Munc18 ϩ/Ϫ NMJs displayed a significantly larger rundown of evoked endplate potential (EPP) amplitudes (to 67% of the first EPP compared with 78% for WT, P Ͻ 0.01; Fig. 2A) .
As in autapses, we tested whether the EPP rundown could be explained by a reduction in RRP size by applying 500 mM sucrose. The response, measured as miniature endplate potential (MEPP) frequency, was 31% lower at munc18-1 ϩ/Ϫ endplates (P Ͻ 0.05; Fig.  2C ). As an alternative approach, we used the calculation method of Miyamoto (18) to estimate RRP size and release probability from our EPP data. This method showed that the release probability was unchanged at munc18-1 ϩ/Ϫ NMJs, whereas the RRP size was reduced by 21% (P Ͻ 0.01; Fig. 2C and Table 2 , which is published as supporting information on the PNAS web site). In addition, in munc18-1 ϩ/Ϫ NMJs, the frequency of spontaneous uniquantal acetylcholine release events (measured as MEPP frequency) and the 0.3-Hz evoked release (quantal content) were reduced by 20-25% (P Ͻ 0.05 and Ͻ 0.01, respectively; Fig. 2C ). These single synapse recordings reveal a reduction in the RRP size as well as a concomitant decrease in evoked release (quantal content). Given that the quantal content is the product of the size of the RRP and the probability that a vesicle is released upon stimulation (19) , these data suggest that Munc18-1 does not substantially influence vesicular release probability.
Munc18-1 Overexpression Results in a Larger RRP and Enhances
Activity-Dependent RRP Replenishment. To investigate the effect of Munc18-1 overexpression on synaptic-vesicle release, we applied two viral-expression systems in autaptic cultures. We tested the effect of acute, high overexpression of Munc18-1 with the Semliki Forest virus system, 6 to 8 h postinfection (20) . In addition, we used a Lenti viral system to investigate the effect of long-term, moderate overexpression of Munc18-1, 10 to 14 days postinfection (21) . Munc18-1 overexpression with either Semliki (SFVM18) or Lenti virus did not affect neuronal morphology or total synapse number in glutamatergic autaptic neurons (Fig. 5E) . Also, evoked postsynaptic responses in SFVM18-overexpressing glutamatergic neurons did not differ from WT responses (Fig. 5F , EPSC). Effects of Munc18-1 overexpression on evoked responses may be masked by postsynaptic receptor saturation. Therefore, evoked responses were measured in the presence of the competitive NMDA͞␣-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptor blocker kynurenic acid (22) . In the presence of 200 M kynurenic acid, the EPSC amplitude in WT and SFVM18 neurons was reduced to the same extent, indicating that saturation of postsynaptic receptors did not mask an effect in SFVM18 neurons ( Fig. 8 A and B, which is published as supporting information on the PNAS web site). Evoked responses after SFVM18-or Lenti virusmediated Munc18-1 overexpression in GABAergic neurons also were similar to WT (IPSC, Fig. 9A , which is published as supporting Synaptic transmission in munc18-1 heterozygous autaptic neurons. (A) Synaptic rundown of glutamatergic EPSCs during 10-Hz stimulation is faster in munc18 ϩ/Ϫ compared with WT. Rundown kinetics were best characterized with biexponential fits and revealed that the slow component of the rundown was decreased in munc18 ϩ/Ϫ neurons. EPSC fast ϭ 0.12 Ϯ 0.03, slow ϭ 3.93 Ϯ 0.87 for munc18 ϩ/Ϫ neurons, and fast ϭ 0.12 Ϯ 0.01, slow ϭ 6.86 Ϯ 1.11 for WT (n ϭ 11 and n ϭ 20, P Ͻ 0.05 for slow). information on the PNAS web site). Thus, acute as well as chronic overexpression of Munc18-1 does not affect basal synaptic strength or synapse formation in autaptic cultures.
To test whether overexpression of Munc18-1 increases RRP size, we applied hypertonic sucrose (500 mM). The response from SFVM18-overexpressing neurons was not significantly different from WT neurons (SFVM18: 1.3 Ϯ 0.2 nC, n ϭ 26; WT: 1.1 Ϯ 0.1 nC, n ϭ 30, P ϭ 0.4; Fig. 3A ). Again, postsynaptic receptor saturation could mask potential effects of Munc18-1 overexpression. Therefore, we conducted three additional experiments. First, we applied a milder osmotic stimulus (200 mM sucrose) known to result in submaximal RRP depletion (14) to WT, munc18 ϩ/Ϫ -, and SFVM18-overexpressing neurons. This stimulus resulted in a Ͼ2-fold higher response in Munc18-overexpressing neurons compared with WT, and, consistent with the data in Fig. 1 , Munc18-1 ϩ/Ϫ neurons showed a significantly smaller response (SFVM18: 0.17 Ϯ 0.041 nC, n ϭ 16; munc18 ϩ/Ϫ : 0.035 Ϯ 0.011 nC, n ϭ 11; and WT: 0.074 Ϯ 0.011 nC, n ϭ 11, P Ͻ 0.05 between WT and SFVM18; Fig.  3B ). This result suggests that application of 500 mM sucrose indeed saturated postsynaptic receptors, masking an increase in RRP size. Second, we applied 500 mM sucrose in the presence of 200 M kynurenic acid (see above). Consistent with the first experiment, an almost 2-fold difference in RRP size now became evident (WT: 0.95 Ϯ 0.14 nC; and WT plus kynurenic acid: 0.63 Ϯ 0.1 nC, P Ͻ 0.05; SFVM18: 1.04 Ϯ 0.10 nC; and SFVM18 plus kynurenic acid: 0.96 Ϯ 0.08, P ϭ 0.5; Fig. 3C ). Third, we directly labeled the RRP by using the styryl dye FM4-64 in combination with 500 mM sucrose application (23, 24) . This direct presynaptic assessment also showed an Ϸ2-fold higher fluorescence intensity on Munc18-1 overexpression (Fig. 3D ) Together, these independent lines of evidence confirm that Munc18-1 overexpression indeed leads to a larger initial RRP size.
Next, we examined whether Munc18-1 overexpression also resulted in a smaller rundown and faster RRP replenishment. Indeed, synapses overexpressing Munc18-1 showed less synaptic depression during high-frequency stimulation ( Fig. 3 G and H, EPSC rundown; 40 Hz) and an accelerated refilling of the RRP after high-rate (40-Hz) electrical stimulation ( Fig. 3E ; SFV Munc18-1: ϭ 1.8 Ϯ 0.2 s and WT: ϭ 2.9 Ϯ 0.4 s, P Ͻ 0.05). The same effect was observed in GABAergic neurons infected with either SFVM18 or Lenti virus Munc18-1 ( Fig. 9 B and C) . We ruled out any contribution of postsynaptic receptor desensitization by repeating the experiment in the presence of 50 M cyclothiazide, a drug that blocks glutamate receptor desensitization (Fig. 10 , which is published as supporting information on the PNAS web site). In contrast to the faster RRP replenishment after activity-dependent depletion, paired sucrose application did not reveal an effect of Munc18-1 overexpression on the rate of RRP replenishment when tested in the presence of 200 M kynurenic acid ( Fig. 8 C and D) . Thus, Munc18-1 overexpression increases the RRP size and its replenishment, probably by activity-and͞or Ca 2ϩ -dependent mechanisms. As a result, synapses recover faster. Consistent with an increase in RRP size, Munc18-1 overexpression also led to a Ͼ2-fold increase in the frequency of spontaneous vesicle release in both glutamatergic and GABAergic neurons, without affecting postsynaptic receptor sensitivity and͞or numbers (Fig. 3 I and J, mEPSCs, and Fig. 9 D and L, mIPSCs) .
Munc18-1-Overexpressing Mice Have Enhanced Synaptic Function in
NMJs. We analyzed diaphragm NMJs of Munc18-1-overexpressing mice (munc18 OE , Fig. 11 , which is published as supporting information on the PNAS web site). We first assessed RRP size with 500 mM sucrose. The sucrose-induced MEPP frequency was not significantly different between munc18 OE and WT NMJs (P ϭ 0.16; Fig. 2E ). Both spontaneous uniquantal acetylcholine release (MEPP frequency) and evoked release (quantal content at 0.3-Hz stimulation) were increased compared with WT controls, by 53% and 14%, respectively (P Ͻ 0.001 and P Ͻ 0.05; Fig. 2 D and E) . As in munc18 ϩ/Ϫ mice, no differences were seen in resting membrane potential, quantal size (MEPP amplitude), upward or downward slopes of spontaneous events, and evoked response latency (Fig. 2D and data not shown). Hence, in accordance with autaptic neurons and in contrast to the robust decrease of EPP responses in Drosophila NMJs on overexpression of Rop (9), increased levels of Munc18-1 lead to an increase in synaptic efficacy of the NMJ without affecting the fusion process.
Munc18-1 Proteins Levels Control the Number of Docked Synaptic
Vesicles. In autaptic neurons, the RRP size correlates with the number of docked vesicles (25) . Therefore, we performed quantitative electron microscopy on glutamatergic synapses at 14 days in vitro (DIV). At low magnification, the general appearance of autaptic cultures from munc18 ϩ/Ϫ , WT littermates, and WT neurons infected with SFV munc18-1 was similar, and asymmetrical synapses with a clear active zone and postsynaptic density were present in comparable numbers (Fig. 4A) . The size of the active zone, postsynaptic density, and synaptic vesicle cluster perimeter did not differ between genotypes (Fig. 4B) , indicating that Munc18-1 levels do not influence general synapse morphology or size. However, the number of vesicles in immediate contact with the presynaptic active zone membrane increased significantly with increasing munc18-1 expression levels (munc18 ϩ/Ϫ : 3.1 Ϯ 0.6, n ϭ 26; WT: 4.8 Ϯ 0.3, n ϭ 62; and SFVM18: 7.0 Ϯ 0.4, n ϭ 45; P Ͻ 0.05 for munc18 ϩ/Ϫ versus WT and P Ͻ 0.001 for WT versus SFVM18). Hence, these morphometric data show that Munc18-1 expression levels correlate with the number of docked synaptic vesicles per active zone area, which parallels the observed physiological changes in RRP size. We also quantified the number of vesicles within 150 nm (approximately three times the synaptic vesicle size) from the active zone. Again, a positive correlation between the number of vesicles present in this pool and Munc18-1 expression levels was found (Fig. 4B) , which may explain the faster RRP replenishment. Finally, the total number of vesicles present in the synapse also increases when more Munc18-1 is present (Fig. 4B) .
Discussion
In the present study we show that the efficacy of synaptic transmission at both excitatory and inhibitory synapses depends on Munc18-1 levels, and we identify changes in RRP size and replenishment as the primary underlying mechanism. This mechanism may be related to the way in which protein kinase C (26, 27) and ras GTPases (28) modulate synaptic transmission, but it is distinct from the two other major mechanisms to control synaptic efficacy in nerve terminals, which rely on changes in vesicle-release probability (29) (30) (31) or connectivity changes [changes in the number of synapses that connect two neurons and͞or the size of the terminals (32) ]. Although all three mechanisms can increase presynaptic output, only an increase in RRP size and replenishment warrants a sustained enhancement in synaptic efficacy.
Munc18
ϩ/Ϫ neurons and more on Munc18-1 overexpression). These observations are in line with our previous observations in munc18-1 null mutant chromaffin cells (33) and neocortex at late embryonic stages (34) as well as with studies in C. elegans (5) . Earlier in development, a docking defect was not observed in mouse neocortex (3). The docking phenotype suggests a role for Munc18-1 that is distinct from other presynaptic proteins like Munc13-1, rab3s, complexins, and Rim1␣, which all influence synaptic efficacy through modulation of the release probability without affecting vesicle docking and number or their localization (29, 31, 35) . The increase in docked vesicles on Munc18 overexpression may be a consequence of the increased total number of vesicles in the terminal. However, in previous studies, changes in total vesicle number did not lead to concomitant changes in the number of docked vesicles (5, 36) , and Munc18 overexpression in chromaffin cells also increased docking but without affecting total vesicle numbers (37) . Hence, often docking does not correlate with the total number of available vesicles, presumably because of the limited availability of docking sites. Therefore, we conclude that Munc18-1 specifically regulates the docking step, maybe by establishing such sites. In addition, Munc18-1 overexpression apparently influences the total number of vesicles in the synapse by an unknown mechanism. The increased total number of vesicles may contribute to the faster RRP replenishment, especially the increased number of vesicles within 150 nm from the membrane (Fig.  4B ). Because the cluster perimeter and active zone area were unchanged (Fig. 4B) , the vesicle concentration within the cluster must be higher, which may promote faster reloading and greater occupancy of docking sites. The unaltered responses to paired hypertonic shocks suggest that Munc18-1 overexpression increases replenishment in a calcium-dependent manner.
The conclusion that Munc18-1 regulates the docking step, together with the unaltered kinetics of spontaneous and evoked fusion events, both in autapses and NMJs, argue for a role of Munc18-1 upstream of the synaptic vesicle fusion process itself. A large body of evidence suggests that the interaction of soluble N-ethylmaleimide-sensitive factor attachment protein receptors (SNARE) proteins from vesicular and target membranes drives this fusion reaction (38) (39) (40) . Deletion of SNAP-25 or synaptobrevin, two members of the SNARE complex involved in synaptic-vesicle release, results in a severe impairment of neurotransmission without affecting vesicle docking (40, 41) . Hence, our data suggest that Munc18-1 functions upstream of SNARE complex formation. In vitro, Munc18-1 interacts tightly with the SNARE protein syntaxin 1 (42, 43) . As Munc18-1 has no membrane interacting domains, the interaction with syntaxin 1 at the plasma membrane may be important for vesicle docking. Therefore, it seems plausible that the Munc18-1͞syntaxin 1 dimer is involved in initial steps preceding vesicle fusion, the docking step, and that Munc18-1 subsequently is displaced to allow syntaxin to initiate SNARE complex formation and vesicle fusion.
Most of the effects of altered Munc18-1 expression described here can be explained by changes in the RRP size only (sucrose response, FM-dye loading, and vesicle distribution in electron micrographs). The increase in miniature frequency in Munc18-1-overexpressing neurons and the decrease in the munc18 ϩ/Ϫ NMJ are consistent with this conclusion. However, miniature frequency was not significantly different in munc18 ϩ/Ϫ autaptic neurons, as expected given the smaller RRP size in these cells, which is probably because of the fact that this frequency is rather variable in autapses. There is a trend between the groups (27% difference in group average; Fig. 5D ); in fact, this is rather similar to the NMJ (29% difference; Fig. 2C ). Increasing the release rate by using 200 mM sucrose (Fig. 3B) 6C, and 9A) despite differences in RRP size. This finding suggests that the release probability of the vesicles released during these single stimuli is altered. The observed differences in synaptic depression upon repetitive stimulation (Figs. 1A, 2A , 3G, 6 D and E, and 9 F and G) are consistent with such an explanation, although in this case changes in RRP size may still contribute. On the other hand, the fact that, at the monosynaptic NMJ, changes in RRP size do correlate with changes in EPP amplitude and miniature frequency strengthens the explanation that Munc18-1 does not directly control release probability but primarily RRP size. It is becoming evident that synaptic transmission in central synapses cannot be described accurately unless heterogeneity of vesicular release probability is taken into account. The fact that single evoked responses are unaltered in autapses despite differences in RRP size also may be attributable to such heterogeneous release probability. The initial release probability per synapse may be adjusted to the optimal dynamic range (44) despite differences in RRP size and the release probability of the first vesicle, released on a single stimulus, may be different from other releasable vesicles.
Materials and Methods
Transgenic Mice. Two independent null-mutant mouse lines were produced for the munc18-1 gene as described (3) . Mice were bred as heterozygotes by using standard mouse husbandry and backcrossed for at least six generations to a C57BL͞6 background.
Neuromuscular Synapse Electrophysiology. Measurements were performed on nerve͞muscle preparations from the diaphragm of 2-to 5-month-old WT, munc18 ϩ/Ϫ , and munc18 OE mice as described (45) .
Cell Culture, Electrophysiology, and Viral Transduction. Microisland cultures were prepared from munc18 ϩ/Ϫ and WT littermate embryos at embryonic day 18 according to ref. 14. Lenti viral particles containing Munc18-1 cDNA coupled to enhanced GFP (EGFP) via an internal ribosomal entry site (IRES), and particles containing IRES-EGFP as control were prepared according to ref. 21 and Semliki Forest particles were prepared as described in ref. 33 . Neurons were infected at DIV 1 with Lenti virus or 6-8 h before electrophysiological recordings with Semliki Forest virus. Wholecell voltage-clamp recordings (holding potential Ϫ70 mV) were performed on cultured neurons between DIV 12 and 15. All experiments were conducted at 32°C.
Microscopy and Fluorescence Imaging. To selectively label RRP in WT and SFVM18-overexpressing neurons, cells were loaded with FM4-64 in calcium-free Tyrode's containing 500 mM sucrose for 3-4 s (16 M FM4-64/500 mM sucrose/0 mM CaCl 2 /2.5 mM KCl/119 mM NaCl/3 mM MgCl 2 /30 mM glucose/25 mM Hepes, pH 7.4). The 500 mM sucrose-containing solution was replaced by calcium-free Tyrode's containing 16 M FM4-64 for an additional 60 s to ensure labeling of all exocytosed vesicles. Cells were washed for 10 min with calcium-free Tyrode's. Both loading and washing were performed in calcium-free solution to reduce spontaneous release of vesicles and subsequent loss of fluorescence. All solutions contained 50 M 2-amino-5-phosphonopentoic acid and 10 M 6-cyano-7-nitroquinosaline-2,3-dione to prevent recurrent activity.
Electron Microscopy. Hippocampal islands cultures of munc18 ϩ/Ϫ or littermate WT mice (embryonic day 18) obtained from four different litters were grown on BELLCO photo-etched grid coverslips (BELLCO Glass Inc., Vineland, NJ). WT hippocampal neurons were infected (DIV 14) with SFV munc18-1-IRES-EGFP or SFV IRES-EGFP as control and observed under a fluorescence microscope 6 h after infection to map the location of infected cells. As for electrophysiology, only glia islands containing a single neuron were used for analysis. Autaptic synapses were selected in serial ultrathin sections at low magnification by using a JEOL (Tokyo, Japan) 1010 electron microscope, and high-resolution images were acquired at ϫ100,000 magnification.
Statistical Analysis. Data shown are mean values Ϯ SEM. Statistical significance was determined by using Student's t test, and overall group differences were analyzed by using ANOVA.
